In this study, 3, 5, 7, 10 and 20 wt. %) alloys were prepared using metals of 99.99% high purity in the vacuum atmosphere. These alloys were directionally solidified upward with a constant temperature gradient, G (10.3 K/mm) and different growth velocities (V) between 8.25 and 165 µm/s in the directional solidification apparatus. The experimental results have revealed that with the increase of the growth velocity of the melts from 8.25 µm/s to 165 µm/s, the microstructures undergo a transition from cellular/cellular dendritic morphology to coarse dendritic form for each composition (Zn content, C o ). The measurements of microhardness (HV) of the specimens were performed by using a microhardness test device. The dependence of HV on V and C o was analyzed, and it has been found that with increasing the V and C o the HV increases. Relationships between HV-V and HV-C o were obtained by linear regression analysis, and the experimental results were compared with the results of previous similar works.
Introduction
Aluminum alloys are used in industry because of their corrosion resistance, low specific weight, heat and electrical conductivity. These properties make them valuable for use in various industrial applications, and researchers have been actively exploring new application for these alloys 1-3 . Aluminum-Zinc alloys, which constitute the basis of the 7000 series alloys, appear to be also very different from a fundamental point of view of solidification. Aluminum has a cubic structure with centered face and is slightly anisotropic whereas zinc has a hexagonal structure and is strongly anisotropic. This difference in anisotropy involves a variation of interfacial energy modifying morphologies and directions of dendritic growth. These alloys are saturated solid solutions which slowly break up and reach their state of equilibrium 4, 5 . Al-Zn system has also positive heat of mixing 6 , and the solubility of Zn in Al at 20 ºC is less than 2 wt. % 7 as seen in Fig.1 . Many researchers [8] [9] [10] [11] studied this type of binary Al-Zn alloys and showed that the Al-Zn alloys provide distinctive resulting morphologies as a function of the applied cooling rate associated with Zn content examined. In lower Zn content (C 0 =40at%Zn), Al and Zn do not form intermetallic phases since the interaction between Al and Zn atoms is fairly week. In this study, β-phase was not present in the studied alloys since Zn content is low. However, some studies [12] [13] [14] have reported monolithic β and distinctive α + β phases in high Zn containing and heat treatment applied alloys.
Although the vast majority of casting and solidification processes in the industry are related to unsteady-state/transient directional solidification, it is seen that the great majority of studies examining the relationship between solidification microstructure parameters (λ1: primary dendrite arm spacing, λ2: secondary dendrite arm spacing) and processing parameters (C o , G, V, T(cooling rate)) are related to controlled directional solidification (Bridgman-type) studies. If V is not too high, the cooling rate at a given time and region is given by;
(1)
In unsteady-state/transient directional solidification and casting, the microstructure is no longer uniform along the specimen because the cooling rate, (V and G), decreases as the distance from the cold zone increases [15] [16] [17] [18] . In controlled directional solidification, generally the sample is homogeneous since C o , G, V, T are constant throughout the experiment. However, in the unsteady-state/transient directional solidification and casting, the initial solidification processing parameters are quite different from the lateral values as the solidification temperature and/or the solidliquid interface area are moved away from the cold zone. Therefore, this affects the microstructure parameters, the homogeneity and thus the properties of the product [18] [19] [20] . For these reasons, in the unsteady-state/transient directional solidification experiments, the C o , G, V, T are measured [21] [22] [23] . However, in the case of controlled directional solidification, it is sufficient to measure these values once in the experiment since the C o , G, V, T values are constant during controlled directional solidification.
Dendritic morphologies are frequently observed during the solidification of alloys in which several directional solidification studies have been carried out to predict the growth conditions for development of the instability at the solid-liquid interface and characterize the microstructural features [24] [25] [26] [27] [28] [29] . To minimize the convection in the alloys during solidification, it is necessary not only to have a hydrodynamic density gradient and G, but also a horizontal density gradient, and G could be close to zero in the Bridgman method. The microstructural and mechanical properties of a material depend on not only the selection of alloying elements but also the production technique employed. The directional solidification technique by Bridgman-type equipment is one of the most important techniques for producing crystal growth that is widely utilized in engineering although Bridgman method is restricted to specimen diameters and is also expensive 17 . Aluminum and aluminum alloys are prone to having possible casting errors more than other alloys such as cracks and distortions due to volume shrinkage depressions. These errors can be minimized by using Bridgman's technique. When alloys are directionally solidified in Bridgman-type equipment, the solidification results in two or more phases aligned in growth direction. In directional solidification experiments, solidification processing variables such as the solidification front velocity, V, the temperature gradient, G, and composition of the material, C o , can be independently controlled in order to study the dependence of the microstructure [26] [27] [28] [29] . One of the most important quantities used to describe the solidified dendritic microstructure in directional solidification is the cellular and dendritic spacing. These microstructures are affected by the solidification processing variables. This microstructure of alloys affects their mechanical properties [30] [31] [32] [33] [34] [35] . In a study by Lamrous et al. 36 on Al-Zn alloys, the microhardness value increases with increasing Zn content. They have attributed this to the formation of precipitation that acts as an obstacle to the dislocation movement. According to them, two factors contributing to the improvement of hardness are solid solution hardening and refinement of grain size. It has widely been reported [37] [38] [39] [40] [41] that distribution phases and morphology of alloys have important roles on the resulting properties. These are intimately associated with the operational conditions applied indistinctively of the nature and characteristic of the examined material.
The aim of the present work was to experimentally investigate the effect of V and C o on the microstructure and HV in directionally solidified Al-xZn (x=1, 3, 5, 7, 10 and 20 wt. %) alloys and to compare the results with previous similar experimental results.
Experimental Procedure

Specimen preparation and directional solidification process
Al-xZn (x=1, 3, 5, 7, 10 and 20 wt. %) alloys were prepared under vacuum using 99.99% pure aluminum and 99.99% pure zinc metals. After allowing time for melt homogenization, each molten alloy was poured into a graphite crucible (200±1 mm length, 4.0±0.1 mm ID (inner diameter), 6.35 ±0.1mm OD (outer diameter)) held in a specially constructed hotfilling furnace at approximately 100 K above the liquidus temperature of the alloy. When the pouring temperature is lower than the solidus temperature, the liquid alloy will freeze before filling the graphite crucible. On the other hand, if the pouring temperature is too high, turbulence can become a serious problem. When the pouring temperature is about 100 K higher than the liqudus temperature of the alloy the flow of the alloy is high enough and a casting without cavity can be made.
The molten alloy was directionally solidified from the bottom to the top to ensure that the graphite crucible was completely full. Three specimens were prepared from each alloy for reproducibility during sample preparation. Then, each specimen was positioned in a Bridgman-type growth apparatus. The details of the apparatus are given in Fig.  2 . The Bridgman-type growth apparatus is widely used in industry and research mainly because it provides a means to directionally solidify materials in a controlled manner so that the resulting microstructure and hence material properties can be manipulated. Directional solidification of the specimens with a constant thermal gradient (10.3 K/mm) was performed at 1050 K. After stabilizing the thermal conditions in the furnace under argon atmosphere, the specimens were grown by pulling them downwards by means of different speeded synchronous motors. After 8-10 cm steady state growth, the specimens were quenched by rapidly pulling them down into the water reservoir. The temperature of the specimen was also controlled to an accuracy of ±0.1 K using a Eurotherm 2604 controller. The temperature gradient can be changed according to the type of crucible and the furnace temperature. The furnace was calibrated, and temperature gradients as high as 15 K/mm were obtained near the solid-liquid interface. Solidification of the specimens in the graphite crucible was carried out with the different growth velocities (V=8.25-165 µm/s) and constant temperature gradient (G=10.3 K/mm).
Measurement of solidification processing parameters (G, V) and metallographic process
The temperature in the specimen was measured with K-type 500 µm in diameter insulated three thermocouples which were fixed within the specimen with spacing of 10 mm. All the thermocouple's ends were connected to the measurement unit consisting of data-logger and computer. The cooling rates were recorded with a data-logger via computer during the growth. When the solid/liquid interface was at the second thermocouple, the temperature difference between the first and second thermocouples (ΔT) was red from data-logger record. The time taken for the solid-liquid interface to pass through the thermocouples separated by known distances was read from the data-logger record. Thus, the value of growth velocity (V= ΔX / Δt) for each specimen was determined using the measured value of Δt and known value of ΔX. The temperature gradient (G =ΔT/ΔX) in the liquid phase for each specimen was also determined using the measured values of ΔT and ΔX.
The quenched specimens were removed from the graphite crucible, and they were cropped off and discarded 3 cm in length from the top and bottom. The specimens were then cold mounted with epoxy-resin. The longitudinal and transverse sections were wet ground down to grit 4000 and mechanically polished using 1 µm, 1/4 µm and 1/10µm diamond paste. Finally, the specimens were etched with a Modified Keller's reagent (10 ml HNO 3 , 1.5 ml HCl, 1 ml HF, 87.5 ml distilled water) about 35 s to reveal the microstructure. After metallographic preparation, the microstructures of the specimens were revealed. The microstructures of specimens were characterized from both transverse and longitudinal sections of specimens using a Nikon (Eclipse MA 100 inverted model) optical microscopy.
Measurement of microhardness
Another purpose of this investigation was to obtain the relationships between solidification parameters (V and Co) and microhardness of the studied alloys. Microhardness testing is a speedy and low cost method to characterize mechanical property of materials because it does not require preparing specimens with complex processes. It is widely used as a non-destructive or less destructive method to evaluate the mechanical property and quality control. Microhardness measurements (all specimens were tested according to ASTM E384) in this work were made with a Future-Tech FM−700 model hardness measuring test device 30 using a 300 g load and a dwell time of 10 seconds giving a typical indentation depth of about 40−50 µm (see Fig.3 ). The microhardness values were measured from both longitudinal and transverse sections of samples. The minimum impression spacing (center to edge of adjacent impression) was about 3 times the diagonal and was located at least 0.5 mm from the edge of the sample. The samples were polished prior to HV measurement to ensure cleanliness of the surfaces. For microhardness measurements, at least ten points for each one of the examined triplicate specimens were tested, and arithmetical mean values were determined. The highest and the lowest values of the ten readings were disregarded.
Result and Discussion
Microstructural evolution
The experimental results show that the solidification processing parameters strongly effect on the solidification morphology. The effects of similar solidification processing parameters (cooling rates: 0.1-2.5 K/s) can be seen in sand casting and/or permanent steel applications of Al-Zn alloys [15] [16] [17] [18] . In this work, cellular and dendritic microstructures were On the other hand, with increasing growth velocity and Zn content at a constant temperature gradient (10.3 K/mm), the transition from a cellular to a dendritic microstructure was completed and the dendritic spacing decreased. The dendritic structure at higher growth velocities (>41.3 µm/s) resembled a peeledcorn shape (see Fig.4 (b3), Fig.5 (a3) ). At the high growth velocity (165 µm/s) and high C o (10-20 wt pct Zn) at a constant temperature gradient (10.3 K/mm), fine dendrites formed, as shown in Fig. 5 (b 3 ,b 4 and c 3 ,c 4 ) 29 .
Dependency of the microhardness on the growth velocity
The variation of the HVL and HVT as a function of the V is given in Table 1 and Fig. 6a-b . As can be seen from Fig.  6 , the increase in the growth velocity leads to increase in the HVL and HVT for a given constant temperature gradient and Zn content. It is found that by increasing the V from 8.25 µm/s to 165 µm/s, microhardness values increased to 283 MPa (37% increase), 301 MPa (32% increase), 342 MPa (25% increase), 495 MPa (34% increase), 726 MPa (18% increase) and 984 MPa (17% increase) for Al-xZn (x=1, 3, 5, 7, 10 and 20 wt. %) alloys, respectively. The dependence of the microhardness HV on the V was determined by using linear regression analysis, and the relationship between them can be expressed as
where m is the exponent value of the growth velocity, k i is a constant which can be experimentally determined and given in Table 1 These exponent values relating to the growth rates have been compared with the exponent values relating to the growth rates obtained in previous works (32) (33) (34) (35) (42) (43) (44) (45) (46) (47) for the 47 for different alloy systems, respectively. Differences exist in the values because of the possible differences in solidification conditions, microstructures, the compositions of the samples and their purity. As can be seen in Fig. 8 , the quenched liquid phase has a higher microhardness than the solid phase because liquid phase has smaller microstructures than the directionally solidified phase.
Dependency of the microhardness on the Zn content
Variations of the values of HV as a function of Zn content at a constant temperature gradient and given growth velocities are given in Table 2 and Shin et al. 48 were investigated the microhardness of Al-Zn alloys using die-casting method and found that microhardness increased with increased Zn content. As the amount of Zn was increased, the fraction of grain boundary regions in the developed Al-Zn based alloys also significantly increased, changing the mechanical properties of the alloys as a result. The HV value (800 MPa) obtained by us for the Al-20 Zn alloy is very close to the HV value (770 MPa) obtained by these researchers for the same composition alloy. In addition, Mazilkin et al. 49 measured microhardness values for Al-(10, 20 and 30 wt. %) Zn alloys, and they found a similar tendency to our findings. According to these researchers, the increase in microhardness with increasing Zn content in the studied Table 2 . The relationships between microhardness and composition for different growth velocity. These researchers found that the microhardness increased from 450 to 730 MPa with the increase of Zn content.
The dependence of HV on C o can be represented as
where n is the exponent value of the Zn content, k i is a constant which can be experimentally determined and given in Table 2 . The values of the exponent relating to the Zn content were obtained to be (0. 51 51 for pure Al and Al-Cu alloy, Mazilkin et al. 49 for Al-Zn and Al-Mg alloys, Chinh et al. 50 for Al-Zn alloy and Igelegbai et al. 52 for α-brass alloys, respectively. However, average exponent values of Co are smaller than the values of 0.86 and 0.74 reported by Lamrous et al. 36 and Shin et al. 48 for Al-Zn alloys, respectively. Differences in the exponent values might be owing to the differences in elements, purity, alloy compositions, solidification conditions and surface preparation of the test pieces. As expected, the growth rate increases while the cooling rate (T=GV) of the alloys increases for the constant G. Therefore, the regions that are most exposed to cooling are quenched liquid regions. Figure 8 shows the microhardness values obtained for minimum growth velocity, maximum growth velocity and quench process with increasing Zn content. As seen from this figure, while the Zn contents increased from 1 to 20 wt.%, the microhardness values increased from 300 MPa to 1000 MPa for the quenched liquid region. Some errors are inevitable during microhardness measurements. These errors are due to factors such as surface quality, inhomogeneities in the microstructure and ambiguity of indenter traces. The estimated error in the microhardness measurements with statistical data analysis is about 5%.
Conclusions
In the present work, Al-xZn (x=1, 3, 5, 7, 10 and 20 wt. %) alloys were directionally solidified at constant G (10.3 K/mm) with different V (8.3-165 µm/s). The microstructural changes of the solidified specimens were observed. Effects of the growth velocity and Zn content on the microhardness of the studied alloys were examined. The following conclusions were reached:
1. The cellular microstructure formed at low growth velocities (<16.5 µm/s). The cell/dendrite transition has been observed at growth velocities less than16.5 µm/s. With the increasing of the growth velocity in the range of 8.25-165 µm/s, the microstructures of the solidified alloys are found to evolve firstly from the cellular or cellular/dendritic to refined dendrites and eventually to fine dendritic morphology at high growth velocity (165µm/s). 
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